Ryan AS, Ortmeyer HK, Sorkin JD. Exercise with calorie restriction improves insulin sensitivity and glycogen synthase activity in obese postmenopausal women with impaired glucose tolerance. Am J Physiol Endocrinol Metab 302: E145-E152, 2012. First published October 18, 2011; doi:10.1152/ajpendo.00618.2010.-Our objective was to compare the effects of in vivo insulin on skeletal muscle glycogen synthase (GS) activity in normal (NGT) vs. impaired glucose-tolerant (IGT) obese postmenopausal women and to determine whether an increase in insulin activation of GS is associated with an improvement in insulin sensitivity (M) following calorie restriction (CR) and/or aerobic exercise plus calorie restriction (AEX ϩ CR) in women with NGT and IGT. We did a longitudinal, clinical intervention study of CR compared with AEX ϩ CR. Overweight and obese women, 49 -76 yr old, completed 6 mo of CR (n ϭ 46) or AEX ϩ CR (n ϭ 50) with V O2 max, body composition, and glucose tolerance testing. Hyperinsulinemic euglycemic (80 mU·m Ϫ2 ·min Ϫ1 ) clamps (n ϭ 73) and skeletal muscle biopsies (before and during clamp) (n ϭ 58) were performed before and after the interventions (n ϭ 50). After 120 min of hyperinsulinemia during the clamp, GS fractional activity and insulin's effect to increase GS fractional activity (insulin Ϫ basal) were significantly lower in IGT vs. NGT (P Ͻ 0.01) at baseline. GS total activity increased during the clamp in NGT (P Ͻ 0.05), but not IGT, at baseline. CR and AEX ϩ CR resulted in a significant 8% weight loss with reductions in total fat mass, visceral fat, subcutaneous fat, and intramuscular fat. Overall, M increased (P Ͻ 0.01), and the change in M (postintervention Ϫ preintervention) was associated with the change in insulin-stimulated GS fractional activity (partial r ϭ 0.44, P Ͻ 0.005). In IGT, the change (postintervention Ϫ preintervention) in insulin-stimulated GS total activity was greater following AEX ϩ CR than CR alone (P Ͻ 0.05). In IGT, insulinstimulated GS-independent (P Ͻ 0.005) and fractional activity (P ϭ 0.06) increased following AEX ϩ CR. We conclude that the greatest benefits at the whole body and cellular level (insulin activation of GS) in older women at highest risk for diabetes are derived from a lifestyle intervention that includes exercise and diet. skeletal muscle; insulin action; aerobic exercise training; weight loss; aging THE DIABETES PREVENTION PROGRAM RESEARCH GROUP demonstrated that weight loss and physical activity reduced the incidence of type 2 diabetes in individuals with impaired glucose tolerance (IGT) over an approximately 3-yr period (18). Although the lifestyle modification was more effective than metformin in preventing or delaying onset of type 2 diabetes (18), the cellular mechanisms behind the lifestyle changes were unaddressed in this large trial. Because current estimates indicate that more than 68% of middle-aged and older women are either overweight or obese in the US (23), this led us to examine potential mechanisms in postmenopausal women. Overweight and obesity are significantly associated with type 2 diabetes (22), with postmenopausal women at a higher risk for IGT and diabetes than younger women (6). Moreover, risk for IGT increases with obesity and age, and women with IGT are at a greater risk of developing diabetes (3).
THE DIABETES PREVENTION PROGRAM RESEARCH GROUP demonstrated that weight loss and physical activity reduced the incidence of type 2 diabetes in individuals with impaired glucose tolerance (IGT) over an approximately 3-yr period (18) . Although the lifestyle modification was more effective than metformin in preventing or delaying onset of type 2 diabetes (18) , the cellular mechanisms behind the lifestyle changes were unaddressed in this large trial. Because current estimates indicate that more than 68% of middle-aged and older women are either overweight or obese in the US (23) , this led us to examine potential mechanisms in postmenopausal women. Overweight and obesity are significantly associated with type 2 diabetes (22) , with postmenopausal women at a higher risk for IGT and diabetes than younger women (6) . Moreover, risk for IGT increases with obesity and age, and women with IGT are at a greater risk of developing diabetes (3) .
We have demonstrated previously that a combined intervention of aerobic exercise plus weight loss improves whole body insulin sensitivity (M) during a 40 mU·m Ϫ2 ·min
Ϫ1
hyperinsulinemic euglycemic clamp in a different group of overweight and obese postmenopausal women (26) . Weight loss programs without exercise that reduce body weight ϳ6% did not change insulin sensitivity (26) , but larger losses of body weight (low-calorie dieting) increase M in obese men and premenopausal women (13, 25) . In another example, insulin sensitivity by the minimal model technique increased comparably after 12% weight loss alone or combined with aerobic training in obese premenopausal women (28) . Glycogen synthase (GS) is a key enzyme that is related to whole body insulin sensitivity across species and glucose tolerance (2, 7, 15, 24) with lower insulin activation of GS in IGT (12) . An increased ability of insulin to activate GS may be involved in the improvement in insulin sensitivity following calorie restriction (CR) with or without exercise training (AEX); this has not been investigated previously in postmenopausal women. Therefore, we tested insulin activation of GS and M in postmenopausal women with normal glucose tolerance (NGT) and IGT before and after AEX ϩ CR vs. CR. We hypothesized that an increase in insulin activation of GS would be associated with an increase in M after AEX ϩ CR, and not after CR alone, regardless of glucose tolerance status.
MATERIALS AND METHODS
All subjects were healthy, overweight, and obese [body mass index (BMI) Ͼ25 kg/m 2 , range of 25-48 kg/m 2 ] women between the ages of 49 and 76 yr. The women were postmenopausal and had not menstruated for Ն1 yr. Only women who were weight stable (Ͻ2.0 kg weight change in past year) and sedentary (Ͻ20 min of aerobic exercise twice/wk) were recruited. Subjects were screened by medical history questionnaire, physical examination, and fasting blood profile. Individuals with untreated hypertension or hyperlipidemia were referred to their doctor for therapy and entered the study if they were treated with an antihypertensive or lipid-lowering drug that did not affect glucose metabolism. All subjects were nonsmokers, showed no evidence of cancer, liver, renal, or hematological disease or other medical disorders, and underwent a Bruce graded treadmill test to exclude those with asymptomatic coronary artery disease.
One-hundred seventy-four women met study criteria and were assigned to CR (n ϭ 86) or AEX ϩ CR (n ϭ 88). Sixty-three women dropped out of the program due to personal reasons, relocation, illness, and/or time constraints. Eight women completed the program but were not compliant to the weight loss or exercise guidelines described below. Eight women with unconfirmed diabetes or diagnosed with type 2 diabetes were excluded from the study. The baseline characteristics of those who dropped out did not differ from those who completed the study (data not shown). A total of 95 women completed the study (CR, n ϭ 46; AEX ϩ CR, n ϭ 49). Because all 95 women had pre-and post-glucose tolerance testing, we divided them into NGT and IGT groups (1) . Of the 95 women, 14 women (n ϭ 5 in CR and n ϭ 9 in AEX ϩ CR) were using hormone replacement therapy prior to enrollment that did not change for the duration of the study, with the exception of one individual who came off of therapy during the intervention phase. The Institutional Review Board of the University of Maryland approved all methods and procedures. Each participant provided written, informed consent to participate in the study.
Study protocol. Subjects received instruction in maintaining a weight-stable, Therapeutic Lifestyle Changes diet (19) by a registered dietitian 1 day/wk for 6 -8 wk prior to baseline testing. Subjects were weight stable on the Therapeutic Lifestyle Changes diet prior to baseline testing and were instructed to maintain this dietary composition throughout the study.
Weight loss program. All women in CR and AEX ϩ CR attended weekly weight loss classes led by a registered dietitian for instruction in the Therapeutic Lifestyle Changes diet. Compliance was monitored by 7-day food records (or 24-h recalls) using the American Diabetes Association exchange list system. Women were instructed to reduce their caloric intake by 500 kcal/day. The average compliance for attendance to the weight loss classes was 86%.
Aerobic exercise program. Women in the AEX ϩ CR intervention exercised at the Baltimore Veterans Medical Center exercise facility three times/wk for 6 mo using treadmills and elliptical trainers. Each exercise session included a 5-to 10-min stretching and warmup phase and a 5-to 10-min cooldown phase. Women exercised at Ͼ85% heart rate reserve for 45 min. The average compliance for attendance to the exercise sessions was 87%.
Maximal aerobic uptake and body composition. Maximal aerobic uptake (V O2max) was measured using a continuous treadmill test protocol (26) . Height (cm) and weight (kg) were measured to calculate BMI, and waist and hip circumference were determined. Fat mass, lean tissue mass, and bone mineral content (fat-free mass ϭ lean ϩ bone) were determined by dual-energy X-ray absorptiometry (Prodigy; Lunar Radiation, Madison, WI). One individual refused her post-body composition scan. Fat-free mass was calculated for this individual using the mean decrease in fat-free mass for her group. A single computed tomography (Siemens Somatom Sensation 64 Scanner; Siemens, Fairfield, CT) scan at the L4-L5 region was used to determine visceral adipose tissue area and subcutaneous adipose tissue area and analyzed using Medical Image Processing, Analysis, and Visualization, version 7.0.0. A second scan at the midthigh was used to quantify muscle area, total fat area, and low-density lean tissue area by Hounsfield units (26) ; values of the right leg were used in the statistical analyses.
Metabolic testing. All subjects were weight stabilized (Ϯ 2%) for Ն2 wk prior to metabolic testing before and after the interventions and were provided all meals as a eucaloric diet for 2 days before the clamp by a registered dietitian to control nutrient intake (26) . All testing was performed in the morning after a 12-h overnight fast. At the end of 6 mo, the AEX ϩ CR group was asked to continue the aerobic training 3 days/wk during the final testing period, and clamps were performed 36 -48 h after the last bout of exercise.
Oral glucose tolerance test. Blood samples were drawn before and at 30-min intervals for 2 h after ingestion of 75 g of glucose. Plasma glucose concentrations were measured using the glucose oxidase method (2300 STAT Plus; YSI, Yellow Springs, OH). The women were defined by glucose tolerance status (1) .
Hyperinsulinemic euglycemic clamps with skeletal muscle biopsies and indirect calorimetry. Whole body insulin sensitivity was measured using the hyperinsulinemic euglycemic clamp technique (8) . Difficulty in obtaining venous access or a scheduling conflict occurred in 20 women at baseline (CR: n ϭ 15; AEX ϩ CR: n ϭ 5) and five additional women after the interventions, so the clamp was not performed. Arterialized blood was obtained from a dorsal heated hand vein (21) . Blood samples were obtained every 5 and 10 min for the determination of plasma glucose and insulin levels. A 10-min priming and continuous infusion of insulin (80 mU·m Ϫ2 ·min Ϫ1 Humulin; Eli Lilly, Indianapolis, IN) was performed for 180 min with a continuous infusion of 20% glucose solution starting at 10 min. Blood samples were collected in heparinized syringes, placed in prechilled test tubes containing 1.5 mg EDTA/ml of blood, and centrifuged at 4°C for plasma glucose and stored at Ϫ70°C until analysis for plasma insulin (27) . Plasma glucose during each clamp period was not different before and after CR ( Skeletal muscle biopsies and analysis. Biopsies were performed 36 -48 h after the last bout of exercise. Prior to the start of the clamp, and 120-min during the glucose clamp, a vastus lateralis muscle biopsy was taken from each subject under local anesthesia for the measurement of GS activity. The muscle samples were lyophilized for 48 h and then dissected free of obvious connective tissue, fat, and blood. Microdissected samples were homogenized (0.67% wt/vol solution) in ice-cold buffer (pH 7.5) containing 0.1% 2-mercaptoethanol and (in mmol/l) 10 EDTA, 100 NaF, and 0.5 PMSF. The homogenate was centrifuged at 10,000 g for 2 min at 4°C. Total (10 mmol/l glucose 6-phosphate) and independent (0.1 mmol/l glucose 6-phosphate) GS activity were measured by adding 10 l of supernatant to 60 l of reaction mixture containing (in mmol/l) 50 Tris, 20 EDTA, 87.5 KF, 0.2 UDPG, 5,000 disintegrations·min Ϫ1 ·nmol
Ϫ1
(UDP)-[U-14C]glucose, and 1% glycogen (24) . The fractional activity of GS is the independent activity of GS divided by the total activity of GS and is expressed as a percent.
Statistics. Baseline comparisons of the two intervention groups (CR vs. AEX ϩ CR) and the two glucose tolerance groups (NGT vs. IGT) were performed using unpaired Student's t-tests.
Paired Student t-tests were used to compare GS activity within each of the four combinations of intervention and glucose tolerance status (NGT CR, IGT CR, NGT AEX ϩ CR, and IGT AEX ϩ CR). The comparisons examined were 1) basal vs. insulin-stimulated GS preintervention, 2) basal vs. insulin-stimulated GS post intervention, 3) basal GS preintervention to basal GS postintervention, and 4) insulin-stimulated GS preintervention to insulin-stimulated GS postintervention (Fig. 1) .
The effect of the intervention (CR vs. AEX ϩ CR) adjusted for glucose tolerance status (normal vs. impaired) was compared using ANOVA: change ϭ baseline value ϩ intervention group ϩ glucose tolerance group ϩ intervention ϫ glucose tolerance group, followed by post hoc analyses (Tukey-Kramer when variances were equal; Scheffe otherwise) when the interaction was significant. When the intervention ϫ glucose tolerance group interaction was not significant, it was dropped from the model, and the analysis was rerun. If neither term was significant, the overall effect was reported. Pearson correlations and partial correlations were used to assess relationships between key variables. Statistical significance was set at a twotailed P Ͻ 0.05. Data were analyzed using SPSS (SPSS, Chicago, IL) and SAS (Cary, NC); results are expressed as means Ϯ SE. Inferences were checked to make sure they were not the result of extreme values by identifying and deleting extreme values and rerunning the analyses or when cell sizes were small (Ͻ10) by nonparametric methods (Mann-Whitney U-test).
RESULTS
Baseline comparisons. There were no significant differences between the AEX ϩ CR and CR groups at baseline with respect to age, BMI, race, or NGT/IGT status. V O 2max was higher at baseline in the AEX ϩ CR than in the CR group (P Ͻ 0.05). There were no significant differences in measurements of glucose metabolism between AEX ϩ CR and CR at baseline. ) tended to be higher in IGT than in NGT (P Ͻ 0.06). M was lower in IGT than in NGT (55.2 Ϯ 3.3 vs. 67.9 Ϯ 2.2 mol·kg fat-free mass Ϫ1 ·min Ϫ1 , P Ͻ 0.01). At baseline, in response to insulin during the clamp, NGT women (n ϭ 38) had a threefold increase in GS-independent activity (basal vs. insulin stimulated: 0.94 Ϯ 0.16 vs. 3.02 Ϯ 0.41 nmol·min Ϫ1 ·mg protein Ϫ1 , P Ͻ 0.0001) and GS fractional activity (9.8 Ϯ 1.0 vs. 28.9 Ϯ 1.9%, P Ͻ 0.0001). IGT women (n ϭ 20) had a 2.5-fold increase in GS-independent activity (0.75 Ϯ 0.16 vs. 1.80 Ϯ 0.26 nmol·min Ϫ1 ·mg protein Ϫ1 , P Ͻ 0.001) and GS fractional activity (7.6 Ϯ 1.2 vs. 18.4 Ϯ 1.9%, P Ͻ 0.0001). The increases were significantly greater in NGT than in IGT (GS independent activity, P ϭ 0.05; GS fractional activity, P Ͻ 0.001). Insulin-stimulated GS-independent activ- ity (P ϭ 0.01) and GS fractional activity (P Ͻ 0.001) were significantly lower in women with IGT compared with NGT. GS total activity increased significantly during the clamp in NGT (basal vs. insulin stimulated: 9.0 Ϯ 0.9 vs. 10. (Table 1) . Therefore, the interaction term was dropped from the model.
There was an overall significant decrease in body weight (approximately Ϫ8%), percent body fat (Ϫ7%), total fat mass (Ϫ14%), visceral fat area (Ϫ13%), subcutaneous abdominal fat area (Ϫ12%), subcutaneous fat of the midthigh (Ϫ13%), and midthigh, low-density lean tissue (Ϫ4%). Intervention (independent of glucose tolerance group) was a significant predictor of change in V O 2max and change in insulin 120 . V O 2max increased (ϳ12%, P Ͻ 0.001) above baseline after AEX ϩ CR and showed no significant change after CR. The changes were significantly different (P Ͻ 0.001). Insulin 120 decreased after AEX ϩ CR and CR (both P Ͻ 0.001); the changes were significantly different (P Ͻ 0.05).
Glucose tolerance group (independent of intervention) was a significant predictor of glucose AUC. Glucose area decreased in IGT (P Ͻ 0.01) and not after NGT; the changes were significantly different (P Ͻ 0.05).
Both intervention and glucose tolerance group were independent predictors of total thigh muscle area. Thigh muscle area decreased 3% after CR (P Ͻ 0.05) and increased 4% after AEX ϩ CR (P Ͻ 0.06); the changes were significantly different (P Ͻ 0.005). Similarly, muscle area decreased 4% in subjects with IGT and increased 3% in subjects with NGT, with the difference in the changes in the two groups (P Ͻ 0.05).
Overall, fasting glucose (Ϫ4%), fasting insulin (Ϫ17%), and insulin AUC (Ϫ19%) decreased (all P Ͻ 0.001). Overall, M and nonoxidative glucose disposal significantly increased 14 and 24%, respectively (P Ͻ 0.01). Carbohydrate oxidation did not change.
Effects of the interventions on GS activity. In the IGT AEX ϩ CR group, insulin-stimulated GS-independent activity was significantly higher (P Ͻ 0.005), and insulin-stimulated GS fractional activity tended to be higher (P ϭ 0.06) following intervention compared with baseline (Fig. 1) .
The ANOVA (n ϭ 50) examining the change in insulinstimulated GS total activity (postintervention Ϫ preintervention) revealed a significant intervention ϫ glucose tolerance group interaction (P Ͻ 0.05). Post hoc analysis (TukeyKramer) demonstrated that, among women with IGT, insulinstimulated GS total activity increased more after AEX ϩ CR than after CR alone (P Ͻ 0.05; Fig. 2 ).
The ANOVA (n ϭ 50) examining the effect of insulin to increase GS total activity {[insulin-stimulated GS postintervention Ϫ basal GS postintervention] Ϫ [insulin-stimulated GS preintervention Ϫ basal GS preintervention] } demonstrated a significant interaction (P Ͻ 0.05). Post hoc analyses (TukeyKramer) revealed a tendency toward a larger increase in IGT women following AEX ϩ CR than CR alone (P ϭ 0.08).
Predictors of M before and after CR and AEX ϩ CR. Before (baseline) and after (post) the interventions, the change in GS fractional activity (insulin-stimulated Ϫ basal) was associated with M in the entire group (n ϭ 57, partial r ϭ 0.34, P Ͻ 0.01; and n ϭ 49, partial r ϭ 0.35, P Ͻ 0.05, respectively). The change in insulin-stimulated GS fractional activity (post Ϫ baseline) was associated with the change in M in the entire group (n ϭ 48, partial r ϭ 0.44, P Ͻ 0.005).
In the total group, the change in V O 2max was a significant predictor of the change in M (n ϭ 59, r ϭ 0.27, P Ͻ 0.05); after controlling for intervention and glucose tolerance status, the value was r ϭ 0.24, P Ͻ 0.07. The reduction in midthigh intramuscular fat predicted the change in M in the total group (n ϭ 62, r ϭ Ϫ0.26, P Ͻ 0.05, partialed for intervention and glucose tolerance status) and in the AEX ϩ CR group (n ϭ 36, r ϭ Ϫ0.33, P ϭ 0.05) partialed for glucose tolerance status.
DISCUSSION
This is the first investigation to study the effects of CR and AEX ϩ CR on insulin sensitivity and skeletal muscle GS activity in a large sample of postmenopausal women with varying degrees of glucose tolerance. CR alone or combined with AEX results in similar and significant reductions in weight, total and abdominal fat, and thigh fat, which are accompanied by improvements in glucose homeostasis. We now demonstrate, for the first time, that AEX ϩ CR increases insulin activation of GS in postmenopausal women with IGT.
In the current study, there was a remarkable 2.5-to threefold increase in GS fractional activity during steady-state plasma insulin levels of ϳ1,100 pmol/l in women with IGT and NGT, respectively. This increase is surprisingly similar to that observed in obese premenopausal women at fivefold higher steady-state insulin levels (5,800 pmol/l) (9) . At lower steadystate plasma insulin of 650 pmol/l, obese premenopausal women had a 1.6-fold increase in insulin activation of GS fractional activity relative to basal activity (9) . In a study of older obese men by our group, the increase in GS fractional activity was twofold compared with basal activity at insulin concentrations of ϳ1,200 pmol/l (16) . In a study of middleaged men and women, obese glucose-tolerant individuals had a significant 1.7-fold increase in GS fractional activity during the clamp (550 pmol/l insulin), whereas the individuals with IGT did not (1.4-fold; not significant) (12) . We show that the effect of in vivo insulin to increase GS fractional activity was significantly lower in women with IGT than in women with NGT. In a recent study, insulin-stimulated incremental changes in skeletal muscle IRS, Akt, and GSK-3␤ were lower in subjects with IGT compared with NGT (17) . These defects in insulin signaling and in insulin activation of GS may all contribute to lower M in IGT compared with NGT. Moreover, the increase in GS fractional activity in response to insulin in our obese postmenopausal women was greater (P Ͻ 0.05) than the increase in GS fractional activity in older obese men studied by our group (16), suggesting that higher insulin activation of GS fractional activity in the older obese women compared with the older obese men may explain the higher whole body insulin sensitivity in older women than in men (10) .
GS total activity increased significantly during the clamp in women with NGT but not in women with IGT. Young healthy individuals have an increase in GS total activity during a euglycemic hyperinsulinemic clamp, but at steady-state plasma 
Ͻ0.01
Values are means Ϯ SE. CR, calorie restriction; AEX, aerobic exercise; NGT, normal glucose tolerance; IGT, impaired glucose tolerance; pre, preintervention; post, postintervention; AA, African-American; C, Caucasian; NS, nonsignificant; BMI, body mass index; AUC, area under the curve; FFM, fat-free mass. The effect of the interventions in the 2 groups was compared using the following model: change ϭ intervention group ϩ glucose tolerance group ϩ intervention ϫ glucose tolerance group. There were no significant interaction effects.
insulin concentrations of 3,800 pmol/l (20) . This further supports the notion that postmenopausal women are very sensitive to the effects of in vivo insulin to increase GS activity.
There are few studies examining the effects of weight loss and/or aerobic exercise training on GS activity before and during a hyperinsulinemic euglycemic clamp in overweight or obese individuals and none in postmenopausal women. Insulinstimulated GS activity did not change following a very lowcalorie diet (11% weight reduction) in obese nondiabetic individuals (basal biopsies were not obtained) (4) . A weight loss intervention of 4% in overweight individuals with and without diabetes also did not affect GS activity (basal or insulin stimulated) (14) . In the current study, insulin activation of GS was not significantly changed by 8% CR in either NGT or IGT postmenopausal women. The results of all of these studies support the hypothesis that weight loss alone does not improve insulin activation of skeletal muscle GS.
In older obese men, a 6-mo AEX intervention significantly increased insulin activation of GS fractional activity compared with resistance training, with both interventions improving M (11). In younger obese men and women with and without type 2 diabetes, an 8-wk exercise-training regimen without weight loss increased M, basal GS-independent activity, and basal and insulin-stimulated GS total activity but did not affect basal or insulin-stimulated GS fractional activity (5) . Although insulinstimulated GS-independent activity increased in the nondiabetic subjects following AEX, it did not increase significantly in the subjects with type 2 diabetes following AEX (5). In the current study, M increased following the interventions. However, only the women with IGT showed a significant effect of in vivo insulin to increase GS-independent activity and a tendency to increase GS fractional activity following AEX ϩ CR, whereas there was no effect of insulin activation on GS in women with NGT following AEX ϩ CR. In addition, among women with IGT, insulin-stimulated GS total activity increased more after AEX ϩ CR than after CR alone. One explanation for the lack of effect of AEX ϩ CR on insulin activation of GS in women with NGT could be that these postmenopausal women were extremely sensitive to the effects of in vivo insulin to increase GS activity at baseline, as discussed above.
AEX ϩ CR increases M in NGT obese postmenopausal women (26) . However, in the current study, GS activity was not changed in women with NGT, suggesting that the improvement in M is independent of any change in skeletal muscle GS activation by insulin in these NGT women. These results are similar to the findings of Christ-Roberts et al. (5) , where M increased following AEX in obese NGT men and women, yet insulin activation of GS did not improve. Therefore, mechanisms other than an increase in insulin activation of GS are responsible for the improvement in M following AEX in NGT. These mechanisms could include changes in GLUT4 protein expression. Basal GLUT4 protein expression increased, whereas insulin activation of insulin receptor substrate-1-associated phosphatidylinositol 3-kinase was not affected following AEX in obese NGT men and women (5) . In our study of IGT obese postmenopausal women, insulin-stimulated GS-independent activity improved, suggesting that the increase in insulinstimulated GS activity contributes to the improvement in insulin sensitivity in IGT after AEX ϩ CR. AEX ϩ CR also improved glucose metabolism, as evidenced by reductions in glucose AUC in the IGT obese postmenopausal women. These improvements were greater than that observed after AEX ϩ CR in NGT, illustrating the importance of a lifestyle modification of exercise plus caloric restriction in individuals at greatest risk to develop type 2 diabetes. Comparisons were made with ANOVA adjusted for baseline value, intervention, glucose tolerance status and, when appropriate, an intervention ϫ glucose tolerance status, followed by Tukey-Kramer post hoc tests. Sample size as in Fig. 1 .
The benefits of CR alone or combined with AEX in overweight and obese postmenopausal NGT and IGT women include robust changes in body composition and in whole body insulin sensitivity. The added benefits of AEX include improvements in physical fitness. In IGT, there is enhancement in insulin-stimulated GS activity following AEX ϩ CR, and the effect of insulin to increase GS total activity is greater after AEX ϩ CR compared with CR. Therefore, adding aerobic exercise training to caloric restriction will result in the greatest metabolic benefits for overweight and obese postmenopausal women with IGT. In accord with the results of the Diabetes Prevention Program, we demonstrate improvements in insulin sensitivity in older women with IGT and an increase in insulin activation of skeletal muscle GS.
